We describe a new computer program that identifies conserved secondary structures in aligned nucleotide sequences of related single-stranded RNAs. The program employs a series of hash tables to identify and sort common base paired helices that are located In Identical positions In more than one sequence. The program gives Information on the total number of base paired helices that are conserved between related sequences and provides detailed information about common helices that have a minimum of one or more compensating base changes. The program is useful in the analysis of large biological sequences. We have used it to examine the number and type of complementary segments (potential base paired helices) that can be found in common among related random sequences similar in base composition to 16S rRNA from Escherichla coll. Two types of random sequences were analyzed. One set consisted of sequences that were independent but they had the same mononucleotide composition as the 16S rRNA. The second set contained sequences that were 80% similar to one another. Different results were obtained in the analysis of these two types of random sequences. When 5 sequences that were 80% similar to one another were analyzed, significant numbers of potential helices with two or more independent base changes were observed. When 5 independent sequences were analyzed, no potential helices were found in common. The results of the analyses with random sequences were compared with the number and type of helices found in the phylogenetic model of the secondary structure of 16S ribosomal RNA. Many more helices are conserved among the ribosomal sequences than are found in common among similar random sequences. In addition, conserved helices in the 16S rRNAs are, on the average, longer than the complementary segments that are found In comparable random sequences. The significance of these results and their application in the analysis of long nonribosomal nucleotide sequences is discussed.
INTRODUCTION
The function of many large single-stranded RNAs is thought to be determined, at least in part, by their structure. A variety of methods have been developed to study the structure of large RNAs. The methods include theoretical approaches, such as computer modeling and comparative analysis of related sequences; and experimental approaches, such as chemical modification, chemical crosslinking, and electron microscopy. Most of these methods give information about secondary structure primarily, and each of the methods gives only partial information about the structure of the molecules being studied. For this reason, the data are most useful when several methods are used in conjunction with one another.
The phylogenetic method of studying RNA folding is based on the premise that structures with functional significance are conserved in evolution. Although, in some instances, hairpins with identical sequences can be conserved in distantly related RNAs, most often the nucleotide sequences of conserved helices will differ from one another but changes in base composition on one side of a helix will be compensated for by matching changes in base composition on the opposite side of the same helix. These changes are known as compensating base changes. It has been suggested that a given helix is proven when two or more independent compensating base changes can be demonstrated in related sequences (1) . The method has proved to be useful in the analysis of secondary structure of ribosomal RNAs (1, 2, 3, 4) , in transfer RNAs (5) , in snRNAS (6) , in class I introns (7, 8) , and in the analysis of the conformation of the RNA moiety of the enzyme RNase P (9) .
In our laboratory we are studying the structure and function of single-stranded RNAs from the RNA coliphages (10) . As part of this work, we have been developing a variety of computer tools that facilitate analysis of the structure of the RNAs. Here, we describe a computer program that enables us to scan large, aligned sequences rapidly in order to identify conserved helices with compensating base changes. The program was developed to facilitate the analysis of large viral genomes where the number of sequences available for analysis is still rather limited. To test the program, we examined random sequences with properties that were similar to those of 16S ribosomal RNAs. The results of the analyses were surprising and are presented here both to illustrate the use of the computer program and to show that the properties of the random sequences that are used in simulating a comparative sequence analysis can lead to markedly different results.
MATERIALS AND METHODS

The algorithm
We describe how R previously aligned sequences, S,, S2, ..., S R , each with length A', are compared to identify common base paired regions with compensating base changes. The analysis is performed in three steps. First, the algorithm computes all the base paired regions that can be formed in each sequence. Second, the algorithm identifies all the base paired regions that are common among the sequences. Finally, the nucleotide patterns in each of the common helices are scanned to identify the conserved helices that have compensating base changes. Two options in the basic algorithm are available. The first option allows the user to find helices with G-U pairs. The second option allows the user to find conserved helices in subsets of the sequences.
To find the base paired regions, a complementary sequence S' is constructed for each sequence S, and a hashing scheme is applied to find the matching subsequences between S and S'. Subsequences of length / are examined, where / lies between a user defined helix length k and 6 (k^l^6). For each /, a table is constructed in the form of a one dimensional array with 4' entries. Each subsequence can be encoded into an integer between 1 and 4'; the integer identifies the subsequence pattern uniquely. The table is filled in a single pass through S by entering the starting position of each subsequence in S into the table at the location corresponding to the encoded value of the subsequence. The list of all base paired regions is found in a single pass through 5' by pairing the appropriate values in the list at the table entry corresponding to the encoded value of each subsequence in S' with the starting position of die subsequence. This process is repeated until we have created a set of lists (£*,£*+/ ...,L^\ for each of the R sequences. Each list contains all the base paired regions for one value of /. A single base paired region is recorded in the list by a position pair (jj), where 1 andy are the starting positions of the two sides of a base paired region and i < j.
To find base paired regions that are common among the sequences, lists of helices with the same length are compared with one another. For each helix length /, a table in the form of a one dimensional array with N buckets is created. The data structure of each bucket is a list of position values; a counter value is associated with each position value. The table is filled in a single pass through the list L, that was generated for the first sequence. For each item (ij) in the list, j is added to bucket i and the counter value for j is set to 1. For each helix position pair (i'J 1 ) in the L/ lists that were generated for the remaining sequences, / is checked for its presence in bucket i'. If/ is in bucket i', the counter value for this/ is incremented by 1. For a position value j in bucket j, if the counter value for j equals R, (ij) is the position pair of a common helix. Therefore, the helices that are common to all the sequences can be identified in a single pass through all the buckets. All me common helices identified by the above method are stored in a list. Helices in the list are examined and redundant shorter helices that are contained in longer helices are removed from the list. Helices of length greater than 6 (the maximum value of /) are also identified at this point by fusing helices that overlap with one another. In the final step, the program generates lists of all helices that have a minimum of either one or two compensating base changes. Table 1 shows the types of base paired helices that are considered. Lists of helices widi one or more compensating base changes will have all the helix types shown in the table. When the output is restricted to helices with a minimum of two compen sating base changes per helix, the helices of types b, c, and d will be selected. When three or more sequences are compared, the program only recognizes compensating base changes that are located in a minimum of three different sequences (helices of type c and d).
The output from the program consists of two parts. The first part is shown in Figure 1 . It is in the form of a diagram. The positions of individual helices are displayed horizontally above the nucleotide sequences. Asterisks are used to indicate the length of die helices that are common to all the sequences and the numbers between the asterisks are those assigned to individual helices as described below. When a given sequence has more than one complement, lower case letters are assigned to the alternate complementary regions. Overlapping helices are displayed on separate lines. The nucleotide differences between the first sequence and subsequent sequences are shown beneath the first sequence for each base paired region. Detailed information about individual base paired regions is provided in the second part of the output where the individual helices are listed in tabular form ( Figure 2 ). Individual helices are sorted both according to length and distance from the 5' end of the sequence. Numbers are assigned to all helices so that the longest helices have the lowest numbers. The base sequence of each helix is shown along with its nucleotide position in the parent (nonaligned) sequence. In addition, die distance in nucleotides that intervenes between die complementary sides of the helix are shown. Each base paired region is tested individually to see whether it can be extended in eimer direction. Possible extensions are displayed in the output and die original size of the helix prior to extension is given with the helix label.
Two options were introduced into the basic program. The first option enables the user to choose whether or not to allow the wobble pair G-U in addition to A-U and G-C base pairs. Widi this option, more than one subsequence may complement each subsequence in 5. To find the additional complementary subsequences, the first step in the algorithm has been modified. The list of all base paired regions is still found in a single pass mrough S'. However, for each subsequence in S', die algoridim must identify all possible matching subsequences rather than only one. The encoded value of each matching subsequence is a table entry. Since there are multiple matching subsequences for each subsequence in 5', diere are also multiple Figure 1 . An example from the first section of output generated by the program. Two random sequences that were 4000 nucleotides long and 80% sunilar to one another were analyzed for the total number of complementary segments with 4 or more base pairs and two or more compensating base changes. The complementary segments contained G-U pairs. A total of 104 helices were found in the analysis. The segment from nucleotides 3500-3800 is shown here. Figure 2 . An example from the second section of output generated by the program. The sequences that were used to generate the output are described in Figure  1 . The six longest base paired segments from the 104 that were found are shown. pairing the appropriate values in the list at each of the multiple table entries with the starting position of the subsequence. In the second option, conserved base paired regions are identified if they are common to at least M out of R sequences where M is a user specified value less than R. To accomplish this, the second step in the algorithm has been modified in two ways. In the original version described above, a common helix is identified when the counter value is exactly R. In this version, a conserved helix is identified when the counter value is at least M. In addition, since we accept helices that need not be conserved in the first sequence, we must compare additional sequences with one another. These additional comparisons are performed by repeating the second step of the algorithm. Instead of being performed only once, this step is now repeated R-M+\ times. Random Sequences Two types of random sequences were used for the analyses described in this report. In the first type, the bases were chosen independently using a random number generator with the only constraint that the expected base composition be equal to that of 16S ribosomal RNA from Escherichia coli. In second type, the base composition was also that of 16S rRNA, but in addition, the sequences were 70% or 80% similar to one another. The similar sequences were generated by exchanging pairs of nucleotides at random in a parental sequence that had the same base composition as 16S rRNA. The parental sequence was obtained by a random shuffling of the nucleotide sequence of 16S rRNA. Each individual random sequence was obtained by exchanging random pairs of nucleotides in the parental sequence until the required level of difference between the new sequence and the parental sequence was reached. Pairs of nucleotides that were identical to one another were not exchanged and pairs of nucleotides were exchanged only once in each sequence.
LIST Or HELICES WITH COMPENSATIHO BASE CHANCES
RESULTS
The analyses that are presented here were performed on sets of random sequences that were of two different lengths. The first set consisted of sequences that were 1542 nucleotides long, the exact size of 16S rRNA from Escherichia coli. The second set consisted of sequences that were 4000 nucleotides long. In addition, as indicated in the Methods section, two different methods were used to generate the random sequences. One method generated sequences in an independent manner using a random number generator. The second method yielded random sequences that were similar to one another. Most of the analyses reported here were done with sequences that were 80% similar to one another, because biological sequences with this level of similarity are used to start a comparative analysis (11) .
The random sequences were analyzed both for the total number of complementary segments that could be found in common among them, and for the fraction that had two or more independent base changes. The different properties of the sequences affect the number of complementary segments that are found in common among them as well as the fraction that have two or more independent base changes. The total number of complementary segments with three or more base pairs that were found in common among the random sequences are shown in Table 2 . Results are shown for comparisons of 2, 3 and 5 sequences. Twenty random sequences were used in each analysis and each value in the table represents the mean of 5 separate computer runs. The results show that large numbers of complementary regions are found in common among random sequences that are 80% similar to one another, and fewer helices are found in common among sequences that are independent. The difference was most striking for the analyses of 5 sequences; several thousand complementary segments were found in common among the random sequences that were similar to one another, and no complementary segments were found in common among the independent random sequences.
All of the complementary segments listed in Table 2 were examined further to see whether they had two or more independent base changes. Table 3 shows the number of complementary segments with two or more independent base changes that were found in each analysis. The table also shows the range in size of the longest complementary segments that were found in the individual computer runs. The results that were obtained differed depending on the type and number of sequences that were analyzed. Most of the common complementary segments found between two sequences (Table 2) , had two or more independent base changes when the sequences were independent. In contrast, when the random sequences were similar to one another, less than one percent of the common complementary segments had two or more independent base changes. In addition, the analysis showed that some of the common complementary regions that were found were surprisingly long. For example, the longest common segments with 2 or more independent base changes that were found for pairs of similar random sequences that were 4000 nucleotides long, ranged in size from 9 to 11 base pairs. An example of a helix with 11 base pairs that was found in an analysis of two similar random sequences can be seen in Figure 1 .
The analysis of 5 sequences that were 80% similar to one another also yielded results that were unexpected. Eighteen complementary segments with 2 or more independent base changes were found in common among sequences that were 1542 nucleotides long; one hundred segments were found in common when the sequences were 4000 nucleotides long. These results are shown in more detail in Table 4 where the complementary segments are sorted by size. Approximately 80% of the common complementary segments that were found for sequences that were 1542 nucleotides long have only 3 base pairs. Less than 1 % of the complementary segments were 5 base pairs long. When the sequences were 4000 nucleotides long, however, 8% of the common complementary segments that exhibited two or more independent base changes were at least 5 base pairs long.
It is interesting to compare the results of the simulations with random sequences with the distribution of conserved helices that are present in the phylogenetic model of 16S ribosomal RNA from Escherichia coli ( Table 4 ). The individual helices in the 16S rRNA model were tabulated according to the same rules that were used for the random sequences. The helices contain no single-stranded loops and G-A pairs are treated as interior loops. By these criteria, 79 helices with 3 or more base pairs were Each random sequence has the same base composition as 16S rRNA from Escherichia coli. The numerical designation of each sequence indicates its length in nucleotkles. Sequences with the suffix I were generated independently. Sequences with the suffix S80 were 80% similar to one another (see text for details). Each value in the table represents the average of 5 computer runs. The mean and sample standard deviation are shown. The complementary segments contain potential G-U pairs. Table 3 . Common complementary segments with 2 or more independent base changes that are found in random sequences. The sequences used in this analysis were the same as those used for the analysis shown in Table 2 . For each set of sequences the mean number of common complementary segments with 2 or more independent base changes is shown. Each value represents the mean of 5 computer runs. Values in the range column give the length in nucleotides of the longest common complementary segments that were found in the individual computer runs. identified in the secondary structure model of 16S rRNA from Escherichia coli that has been established by the phylogenetic approach (4) . Approximately 50% of these helices have 5 or more base pairs. Clearly, many more helices are conserved in common in 16S rRNAs than are found in common among our random sequences; most of the conserved helices are also larger than the common complementary segments that were found in the random sequences.
DISCUSSION
The analysis of random sequences presented here shows that our new program is fast and can be used to analyze large nucleotide sequences relatively easily. The results also illustrate the importance of choosing appropriate random sequences to simulate the biological situation that is being studied. In our studies, the number of conserved complementary segments with two or more independent base changes that are obtained when two independent random sequences are analyzed is very high, and much lower values are obtained when similar random sequences are analyzed (table 3) . The lower values are closer to those obtained with related biological RNAs, and the similar random sequences thus appear to provide a more realistic model for the biological situation than independent random sequences. In contrast to the results that are obtained in the analysis of two sequences, the number of conserved complementary segments that are found in common among multiple sequences is far too low when independent random sequences are analyzed. Here again, the analysis of similar random sequences gives a more realistic estimate of the number of helices that might be found in common by chance along in related biological sequences. Five sequences were used for each analysis. The results shown for random sequences represent the mean of 5 computer runs. The compilation of the data for the 16s rRNA is described in the text.
The presence of two independent base changes in a set of conserved helices is commonly considered proof that these secondary structures have biological significance and are likely to exist within the cell. The simulations described here with random sequences suggest that these criteria may not be stringent enough especially for the analysis of long sequences. It should be noted, however, that the similar random sequences that were used in our analysis were all prepared from one parental sequence in a single step. Biological sequences that are compared with one another in a phylogenetic analysis of RNA secondary structure have not diverged in parallel from one common ancestor and a true simulation would need to replicate the exact manner in which the sequences have diverged from one another. Further analysis of this problem is needed.
Despite these limitations, the analysis of similar random sequences that is reported here provides useful insight into some of the problems that are likely to be encountered in the early steps of a comparative secondary structure analysis with large RNA sequences. When only two sequences are compared with one another, both the number of common complementary segments that have two or more complementary base changes and the size of the segments that are obtained are relatively large and there is no way to distinguish between real and fortuitous helices unless other information, such as the results from chemical modification, can be used in conjunction with the comparative sequence analysis. As the number of sequences that are available for analysis increases, these problems diminish. Nevertheless, our simulations show that when as many as five similar random sequences are analyzed, a significant number of large complementary segments with two or more independent base changes can be found in common among them.
The results of our simulations with random sequences were also compared with the number and distribution of helices found in the phylogenetic model of 16S rRNA (Table 4 ). Our analysis showed that the conserved helices with 2 or more compensating base changes that were found in 16S rRNA sequences were both larger on average and more frequent than those found in the simulations with random sequences. It should be noted, however, that the information shown in the table is based on the analysis of more than 400 sequences, and one might not expect to find the full set of the helices in any subset of 5 sequences if each helix must have 2 or more compensating base changes. There are several reasons for this. An alignment based on 5 sequences might not coincide exactly with an alignment based on 400 sequences. In addition, many of the helices that are conserved among the sequences might have fewer than 2 compensating base changes. When we examine subsets of 5 aligned 16S rRNA sequences for helices with two or more compensating base changes (data not shown), we do not find the full set of helices that are present in the phylogenetic model but we always find many more helices in common among the biological sequences than are found in common among similar random sequences. We also find some extra helices that are not in the phylogenetic model. The presence of these extra helices is consistent with the analysis of similar random sequences that is discussed in this manuscript.
All of the methods that identify common helices in related sequences depend heavily on the manner in which the sequences are aligned with one another. In sequences that are similar to one another, the alignment is straightforward, and can be accomplished by eye, or with some of the newer computer programs for multiple sequence alignment (12, 13, 14, 15) . To align the coding regions of viral genomes, we align the viral proteins on the basis of their amino acid composition using the Dayhoff PAM 250 matrix (16) . Files containing the corresponding nucleic acid sequences with appropriate insertions are generated automatically. Regions of the sequences that align poorly with one another are more problematic and must be aligned by eye. Several investigators have based this alignment on the conservation of secondary structure rather than sequence similarity (reviewed in 11). In the case of messenger RNAs this approach is difficult since the conservation of protein structure must be considered in parallel with nucleic acid structure.
Two computer programs other than the one described here have been de veloped for the identification of conserved helices in related RNAs. Gutell, Noller, Woese and collaborators have developed a program that identifies covariant base changes in related sequences for their studies with 16S and 23S ribosomal RNAs (4, 17) . This method is particularly useful when many sequences are known and has been used by these authors to confirm individual base pairs in conserved helices as well as to identify potential tertiary interactions. A new program that makes use of the graphics capabilities of modern workstations has also been described recently by Waterman (18) . The program is interactive and allows the user to set parameters that will enable him to identify helices of different types. The output of the analysis is displayed graphically on the computer screen. The program can identify helices that have interior and bulge loops and it appears to be well suited for the identification of helices in regions of the sequences that are not easy to align with one another. The program may be easiest to use with relatively short sequences.
The program that we have described here is probably most useful when used in conjunction with other methods for the analysis of RNA secondary structure. We have a small program that checks the output of programs that predict RNA secondary structure (19) to see whether structures that are predicted are consistent with data from comparative sequence analysis. Another simple program under development would eliminate all conserved helices that are inconsistent with chemical modification data. The basic program could also be modified relatively easily to score for H type pseudoknots (20) . This modification would allow us to perform simulations with random sequences to determine how many pseudoknots could be found by chance in related RNAs.
